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Key events occurring at an excitatory synapse
Abbreviations: Abp1, actin-binding protein 1; AKAP, A-kinase anchoring protein; AMPAR, α-amino-3-hydroxy-5-methylisoxazole-4-propionate-type glutamate receptor; AP180, assembly protein 180; AP2, adaptor-related protein complex 2; Arf6, ADP-ribosylation factor 6; αSNAP, α-soluble NSF attachment protein; β-PIX, PAK-interacting exchange factor-β; CaM-KII, Ca 2+ /calmodulin-dependent protein kinase II; CAM, cell-adhesion molecule; CAPS, calcium-dependent activator protein for secretion; CASK, calcium/calmodulin-dependent serine protein kinase; Cpx, complexin; CSP, cysteine string protein; Dab2, disabled homolog 2 (Drosophila); EAAT, excitatory amino acid transporter; EEA1, early endosome antigen 1; Eph, ephrin; EPN, epsin; Eps15, epidermal growth factor receptor pathway substrate 15; ERC1b/2, ELKS/Rab6-interacting/CAST family member 1b/2; GAP, GTPase-activating protein; GEF, GTP-exchange factor; Gln, glutamine; Glu -, glutamate; GRASP, GRIP-associated protein; GRIP, Glu - (Fogel et al., 2007) . Interactions between neurexins and neuroligins constitute another type of trans-synaptic linkage. Neurexins, which localize to presynaptic membranes, bind to an extracellular esterase-like domain that is present on postsynaptic neuroligins (Dalva et al., 2007) . In addition to stabilizing synaptic contacts, interactions between Eph receptor tyrosine kinases and ephrins regulate processes such as axon outgrowth and pathfinding, and control the development of the neuronal architecture (Lai and Ip, 2009 ).
Many CAMs also bind to cytoplasmic scaffold proteins and regulate the assembly and function of supramolecular complexes. For example, binding of neurexins through the calcium/calmodulin-dependent serine protein kinase (CASK) to mammalian Lin-seven protein (MALS, also known as Veli), liprin- and Munc18-interacting protein 1 (MINT1) regulates synaptic transmission (Atasoy et al., 2007; Olsen et al., 2005) . Similarly, neuroligins bind members of the postsynaptic density protein of 95 kDa (PSD-95) family, which are major regulators of postsynaptic signaling (Craig and Kang, 2007; Kim and Sheng, 2004) .
Presynaptic components -initiating the information transfer
Stage 1: Synaptic vesicles Synaptic vesicles (SVs) represent the storage organelle for NTs and are responsible for quantal release of NT packets of defined size (Bonanomi et al., 2006) . Despite measuring only 40 nm in diameter, SVs are densely packed with an array of proteins (Takamori et al., 2006) . At least nine classes of transmembrane proteins are specifically localized to SVs (Sudhof, 2004) . These proteins are involved in NT loading and storage and in membrane trafficking, but the precise function is known for only a few of them. NT loading requires vesicular glutamate transporters (VGluts) and the vacuolar H + ATPase (V-ATPase), which generates an electrochemical proton gradient across the SV membrane to drive NT uptake. Trafficking proteins include synaptobrevin [also known as vesicle-associated membrane protein (VAMP)] and synaptotagmin (see below). In addition, SVs include a heterogeneous group of proteins that contain four transmembrane domains [such as synaptophysin, synaptogyrin and secretory carrier-associated membrane proteins (SCAMPs)] (Abraham et al., 2006) , as well as the proteins synaptic vesicle glycoprotein 2 (SV2) and SV2-related protein (SVOP), which resemble transporters, but are proposed to be involved in trafficking.
Membrane-associated SV proteins include synapsins and cysteine string protein (CSP). Synapsins were first identified as major synaptic phosphoproteins that are multiply phosphorylated by an array of protein kinases and they appear to regulate the availability of vesicles, although the molecular mechanisms involved are unclear (Fdez and Hilfiker, 2006) . CSP is a member of the DnaJ family of cochaperones, which contain a string of 14 cysteine residues that is heavily palmitoylated and confers SV association. CSP, together with the uncoating ATPase heat shock cognate protein 70 (Hsc70) and small glutamine-rich tetratricopeptide-containing protein (SGT), functions as a molecular chaperone to salvage damaged components of the presynaptic release machinery (Fernandez-Chacon et al., 2004; Schmitz et al., 2006; Tobaben et al., 2001 ).
Stage 2: Docking Morphologically, the close positioning of SVs to the presynaptic membrane is defined as docking (Verhage and Sorensen, 2008) . Only a subset of SVs is recruited to sites of NT release (active zones). In electron microscopy images, these are discernable as electron-dense structures. Several classes of proteins are implicated in SV docking. For instance, a trimeric complex consisting of mammalian Unc-13 homolog (Munc13), Rab3 and Rab3-interacting molecule (RIM) has been postulated to recruit SVs to the presynaptic membrane (Dulubova et al., 2005) . In addition, a presynaptic scaffold is organized around the docked vesicles and modulates NT release (Schoch and Gundelfinger, 2006) . This supramolecular complex includes large multidomain proteins such as Bassoon, Piccolo, ELKS/Rab6-interacting/CAST family members (ERCs), liprin-, MINT1 (Rogelj et al., 2006) , MALS (Olsen et al., 2006) and CASK (Hsueh, 2006) . Together, these proteins form the building blocks of the active zone.
Stage 3: Priming Priming comprises ATP-dependent reactions that render docked SVs competent to fuse with the plasma membrane when SV exocytosis is triggered by Ca 2+ (Verhage and Sorensen, 2008) . Priming steps include synthesis of phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ] by phosphatidylinositol-4-phosphate 5-kinase 1 (PIPK1) and disassembly of assembled soluble NSF attachment protein receptor (SNARE) complexes by the AAA+-ATPase Nethylmaleimide-sensitive fusion protein (NSF) and its co-factor -soluble NSF attachment protein (SNAP).
Munc13 and RIM are also implicated in vesicle priming but act through ATPindependent mechanisms (Rizo and Rosenmund, 2008) . A Munc13-dependent conformational change that converts syntaxin 1 from a closed to an open conformation is thought to have a role in priming reactions. RIM interacts with Munc13 and, although these proteins appear to act through a common pathway during vesicle priming, the details of this pathway are poorly understood.
Stage 4: Fusion
Arrival of an action potential at the presynapse triggers the opening of voltage-gated Ca 2+ channels of the N or P/Q type, followed by an influx of Ca 2+ into the presynaptic bouton (Catterall and Few, 2008; Evans and Zamponi, 2006 -dependent binding to both membrane lipids and the SNARE proteins. The SNAREs form the core machinery for membrane fusion and include synaptobrevin located on the SV, and syntaxin 1 and synaptosomal-associated protein 25 (SNAP25) located on the presynaptic membrane (Jahn and Scheller, 2006) . Before fusion, SNAREs initiate trans complexes that bridge the membranes. Fusion occurs when trans complexes assemble in a zipper-like manner towards the membrane anchors; the energy that is released during this assembly is thought to overcome the energy barrier required for fusion. A small protein, termed complexin (Cpx), binds to the surface of assembled SNARE complexes. Cpx probably 'optimizes' the partially assembled SNAREs for Ca 2+ -triggered exocytosis, and it has been suggested that it is displaced by synaptotagmin upon Ca 2+ influx, triggering completion of SNARE zippering (Brose, 2008) . Released NT diffuses across the synaptic cleft and binds to ionotropic receptors [N-methyl-D-aspartate receptors (NMDARs) and -amino-3-hydroxy-5-methylisoxazole-4-propionate-type glutamate receptors (AMPARs)], as well as metabotropic glutamate receptors (mGluRs and KARs) and triggers postsynaptic receptor signaling cascades (see below for details).
Stages 5-7: Endocytosis and recycling Synapses possess highly efficient mechanisms for retrieving SVs from the plasma membrane of the presynaptic terminal after exocytosis. Fast regeneration of functional SVs is a prerequisite for synapses to function during prolonged activity. Exocytosis appears to use two alternative pathways: clathrin-mediated endocytosis (CME), which is well established by numerous lines of evidence, and the more controversial 'kiss-and-run' pathway, which involves direct retrieval of a vesicle at the site of fusion (Rizzoli and Jahn, 2007) . In contrast to the CME pathway, the molecular basis for the kiss-and-run pathway is unclear. CME initiation (Stage 5) begins with the binding of adaptor proteins to vesicular membrane proteins (e.g. VGlut1 and synaptotagmin) and requires the presence of PtdIns(4,5)P 2 , which is exclusively localized at the plasma membrane (coincidence detection) (Dittman and Ryan, 2009; Jung et al., 2007; Ungewickell and Hinrichsen, 2007) . Adaptor proteins are either tetrameric [e.g. adaptorrelated protein complex 2 (AP2)] or monomeric (e.g. stonin). Cargo-bound AP2 stimulates PIPK1, which increases local PtdIns(4,5)P 2 concentration, thereby facilitating recruitment of more adaptors that, in turn, recruit clathrin to assemble the clathrin coat. Subsequent invagination of the membrane is probably mediated by the coordinate actions of clathrin and proteins of the epsin N-terminal homology (ENTH) family [e.g. epsin (EPN)], BAR family (e.g. amphiphysin and endophilin) and EFC/F-BAR family. Eventually, dynamin assembles at the neck of the nascent vesicle and then constricts it through a GTP-dependent reaction, which contributes to membrane fission. The actin motors myosin-VI (plus-end directed) and myosin-1E (minus-end directed) bind Dab2 and PtdIns(4,5)P 2 , and dynamin and synaptojanin (Syj), respectively, and might generate opposing forces that induce severing of the neck and free the vesicle into the cell interior (Ungewickell and Hinrichsen, 2007) .
Disassembly of the clathrin coat (Stage 6) is initiated by several independent events, such as dephosphorylation of PtdIns(4,5)P 2 to form PtdIns (4)-phosphate [PtdIns(4)P] by the phosphatase Syj or GTP cleavage by ADP ribosylation factor 1 (Arf1). PtdIns(4)P might then recruit auxilin, which, together with Hsc70, removes the clathrin coat.
The fate of the endocytosed vesicle after uncoating is unclear (Bonanomi et al., 2006; Sudhof, 2004) . One possibility is that these vesicles directly mature into functional SVs that are reloaded with NT and become competent for exocytosis. Alternatively, they might fuse with an intermediate endosomal compartment (Stage 7), thus allowing for sorting before budding of new SVs (Stage 8). The repertoire of proteins involved in endocytotic docking and fusion has been clarified recently using in vitro reconstitution and shown to include Rab5 and its effectors early endosome antigen 1 (EEA1), prenylated Rab acceptor 1 (Pra1), the PtdIns 3-phosphate [PtdIns(3)P] kinase Vps34, rabankyrin, the Sec1/Munc18 protein vacuolar sorting protein 45 (Vps45), rabaptin, rabenosyn, Rab5 GDP/GTP exchange factor (rabex), and the endosomal SNAREs syntaxin 13, syntaxin 6, Vps10-interacting protein (Vti1a) and VAMP4 (Ohya et al., 2009) .
Information processing at the postsynaptic density
Clustering of postsynaptic proteinsreceptor organization The postsynaptic element of most excitatory synapses consists of a mushroom-like protrusion emanating from a dendrite, known as a dendritic spine (Newpher and Ehlers, 2008; Sheng and Hoogenraad, 2007; Tada and Sheng, 2006) . In spine heads, the protein network of the PSD exactly aligns with the active zone (Feng and Zhang, 2009; Newpher and Ehlers, 2008; Schoch and Gundelfinger, 2006; Sheng and Hoogenraad, 2007) . The PSD serves first to cluster glutamate receptors and CAMs; second, to recruit signaling proteins; and third, to anchor these components to the microfilament cytoskeleton of the spine. These functions are enabled by scaffold proteins found in the core of the PSD, such as members of the PSD-95 [also referred to as synapse-associated protein of 90 kDa (SAP90)], SAP90/PSD-95-associated protein [SAPAP; also referred to as guanylate kinase-associated protein (GKAP)] and SH3 domain and ankyrin repeat protein [Shank; also referred to as proline-rich synapse-associated protein (ProSAP)] families. In the following sections, members of these three families are referred to as PSD-95s, SAPAPs and Shanks, respectively. Shanks are assumed to function as key organizers of the PSD (Kreienkamp, 2008; Schoch and Gundelfinger, 2006) . They interact both directly and indirectly with various glutamate receptors, CAMs and ion channels. Furthermore, Shanks recruit signaling components and establish links with the actinbased cytoskeleton below the PSD. Through SAPAPs, Shanks bind to PSD-95s, which bind to and cluster NMDARs and kainate-type glutamate receptors (KARs), neuroligins and Shaker-type K + channels (Garcia et al., 1998; Kim and Sheng, 2004; Schoch and Gundelfinger, 2006) . Similarly, AMPARs interact with PSD-95s through Stargazin [also referred to as transmembrane AMPA receptor regulatory proteins (TARPs)] (Newpher and Ehlers, 2008) , whereas the glutamate receptorbinding protein (GRIP) and protein interacting with C kinase (PICK) appear to form an additional link to Eph receptors (Calo et al., 2006; Klein, 2009) . Certain types of metabotropic glutamate receptors (mGluRs) and inositol trisphosphate receptors bind to Shanks through Homer, and several additional membrane proteins bind directly to Shanks (Newpher and Ehlers, 2008; Schoch and Gundelfinger, 2006) .
Anchoring the postsynaptic signaling machinery -the actin connection Shanks also have a central role in establishing links to the actin network of the spine (Kreienkamp, 2008; Schoch and Gundelfinger, 2006) . They associate with the actin-binding proteins -fodrin, cortactin and actinbinding protein 1 (Abp1). Also, the Shank-binding partner densin-180 interacts, directly or indirectly [through Ca 2+ /calmodulindependent protein kinase II (CaM-KII)], with the actin-binding protein -actinin (Quitsch et al., 2005; Robison et al., 2005; Walikonis et al., 2001) . In addition to Shanks, the postsynaptic CAM N-cadherin also associates with actin filaments via -and b-catenin (Tai et al., 2008) .
Postsynaptic signaling -signal relays Glutamate acts on both mGluRs and ionotropic glutamate receptors (iGluRs). mGluRs are G-protein-linked receptors that couple to various intracellular signal transduction pathways. iGluRs are ligand-gated ion channels that are subdivided into NMDARs, AMPARs and KARs. Glutamate binding to AMPARs opens the ion channel and induces fast depolarization of the postsynaptic membrane, preferentially through the influx of Na + ions. By contrast, agonist-induced opening of NMDARs requires co-activation by glycine. Furthermore, NMDARs are blocked by extracellular Mg 2+ at resting membrane potentials. Membrane depolarization relieves this block, enabling agonist-gated channel opening and Ca 2+ influx into the spine. Intracellular Ca 2+ binds to calmodulin (CaM) and activates different enzymes, including CaM-KII, adenylate cyclases AC1 and AC8, phosphodiesterase 1 (PDE1), neuronal nitric oxide synthase (nNOS), calcineurin and the Ras-guanine nucleotide-releasing factor 1 (RasGRF1), all of which compete for the limited amounts of Ca 2+ -CaM (Kennedy et al., 2005) . AC1 and AC8, as well as PDE1, regulate postsynaptic cyclic AMP (cAMP) levels and thereby control local cAMPdependent protein kinase (PKA) activity. PKA and protein kinase C (PKC) directly associate with the A-kinase anchoring protein (AKAP79/150), which interacts with PSD-95s and consequently recruits both kinases into NMDAR complexes. Finally, phospholipase Cb (PLCb) couples to mGluRs via Shanks and Homer, which stimulate PLC activity (Hwang et al., 2005) .
Scaffold proteins also recruit GTP-exchange factors (GEFs) and GTPase-activating proteins (GAPs), which control the GTPase activity of small GTPases and thereby regulate actin dynamics (Feng and Zhang, 2009; Kennedy et al., 2005; Tada and Sheng, 2006) . Postsynaptic recruitment of the spine-associated RapGAP (SPAR) and synaptic Ras-and RapGTPase-activating protein (SynGAP) occurs by their interaction with various scaffold proteins (Kennedy et al., 2005; Kim et al., 1998; Pak et al., 2001; Wendholt et al., 2006) . Similarly, Shanks bind to the GEF b-PIX, which activates Rac1 and Cdc42 and stimulates the formation of cellular protrusions (Park et al., 2003) , whereas PSD-95s recruit kalirin-7, another Rac1 GEF (Sommer and Budreck, 2009) . GRIP associates with the GRIP-associated protein (GRASP), a GEF, to promote Ras activity (Ye et al., 2000) . In addition, NMDAR-associated GEFs RasGRF1 and T-cell lymphoma invasion and metastasis 1 (TIAM1) are activated by Ca 2+ influx. Binding of Ca 2+ -CAM activates RasGRF1, which stimulates Ras. Ras then binds TIAM1 and allows it to activate Rac. Finally, direct binding of insulin receptor substrate p53 [IRSp53, also known as brain-specific angiogenesis inhibitor 1-associated protein 2 (BAIAP2)], an effector that acts downstream of active Rac1 and Cdc42, to Shanks abrogates its effects on the actin cytoskeleton (Sawallisch et al., 2009 ).
Synaptic plasticity -the dynamic synapse Whereas the number of NMDARs per synapse is quite stable at about 20, the number of AMPARs varies markedly, ranging from about 5 to 200 (Feng and Zhang, 2009; Newpher and Ehlers, 2008) . The density of surface AMPARs is, at least in part, regulated by exocytic insertion and endocytotic removal. It is currently unclear whether neurons and spines possess dedicated sites of AMPAR exocytosis. NMDAR-mediated activation of CaM-KII and Ras is known to trigger AMPAR insertion into the postsynaptic membrane (Kennedy et al., 2005) . To increase AMPAR levels, complexes consisting of various scaffold proteins (such as Stargazin and PSD-95s) might need to be assembled to provide 'slots' that trap AMPARs (Kessels and Malinow, 2009) . The availability of these slots appears to be regulated by phosphorylation events. Furthermore, membrane insertion of AMPARs that have distinct subunit compositions seems to require different sets of scaffold proteins (Newpher and Ehlers, 2008) .
At spines, CME of AMPARs occurs at endocytotic zones, which are located laterally to the PSD (Newpher and Ehlers, 2008) . Molecular coupling of both sites occurs through dynamin 3 and Homer. Ca 2+ -dependent activation of Rab5 stimulates the formation of endocytotic vesicles, which are then delivered to early endosomes. Activity-dependent removal of AMPARs from synapses also involves scaffold proteins, such as PICK and GRIP, and subunit-specific phosphorylation and dephosphorylation events (Kessels and Malinow, 2009) . Additionally, presynaptic forms of plasticity that are mediated, for example by RIM, also exist in certain regions of the brain (Garcia-Junco-Clemente et al., 2005; Kaeser and Sudhof, 2005) .
Perspectives
Over the past two decades, we have witnessed tremendous progress in our understanding of the molecular components involved in signal transduction at excitatory synapses of the mammalian central nervous system. In particular, the dynamic assembly of synaptic proteins into macromolecular complexes that orchestrate individual signaling events has become evident. Despite this progress, however, we are only now beginning to understand how these assembly and signaling mechanisms act together to allow higher brain functions, such as learning and memory, which are thought to require exquisite fine-tuning between synaptic plasticity and long-term stability. There is growing evidence that the functional loss or dysregulation of single synaptic molecules is associated with various neurological diseases. For example, mutations in the genes encoding neurexin 1, neuroligin 3, neuroligin 4 and Shank 3 have recently been shown to be associated with an increased susceptibility to autism (Bourgeron, 2009) . A better understanding of the complex mechanistic regulations that underlie cognitive processes is urgently needed in order to provide molecular targets for drug intervention and treatment of human neurological disorders.
